Abstract: A detection at the Large Hadron Collider of a light Higgs pseudoscalar would be a smoking gun signature of non-minimal supersymmetry. In this work in the framework of the Next-to-Minimal Supersymmetric Standard Model we focus on vector boson fusion and Higgs-strahlung production of heavier scalars that subsequently decay into pairs of light pseudoscalars. We demonstrate that these channels are viable for the detection of light pseudoscalars over a large part of parameter space and can serve as an important complementary mode to the dominant gluon-fusion production mode. For the singlet dominated scalar this may be the only way to measure its couplings to gauge bosons. Especially promising are channels where the initial scalar is radiated off a W as these events have relatively high rates and provide substantial background suppression due to leptons from the W . We identify three benchmark points that well represent the above scenarios. Assuming that the masses of the scalars and pseudoscalars are already measured in the GF channel allows one to constrain event kinematics, hence significantly improving detection prospects, especially in the Higgsstrahlung channels with rather heavy scalars, resulting in possible detection at 200/fb for large parts of parameter space.
Introduction
The presence of an extra singlet superfield in the Next-to-Minimal Supersymmetric Standard Model (NMSSM) (see, e.g., [1] for a review) as compared to the MSSM, has a significant impact on the ensuing phenomenology of the Higgs sector at the Large Hadron Collider (LHC). In particular, the NMSSM Higgs sector is enlarged by two neutral mass eigenstates, one scalar and one pseudoscalar, in addition to the three MSSM-like ones. 1 The singlet nature of the scalar component of the additional superfield allows its associated physical states H 1 and A 1 to be very light, even down to a few GeV, without entering into conflict with current theoretical and experimental constraints. This is so because their couplings to the fermions and gauge 1 Hereafter, our book-keeping of the physical Higgs states of the NMSSM will be as follows: the CP-even states will be denoted by Hi (with i = 1, 2, 3 and such that mH 1 < mH 2 < mH 3 ) while the CP-odd ones by Ai (with i = 1, 2 and such that mA 1 < mA 2 ). production channel to detect the above modes at the LHC, in which the CP-odd Higgs pair decays into jjτ + τ − [24, 25, 40] (where j represents a jet). Some scope could also be afforded by a 4τ signature in both VBF and Higgs-strahlung (HS) off-gauge bosons [28] . The gluonfusion (GF) channel too could be a means of accessing H 1 → A 1 A 1 decays, as long as the light CP-odd Higgs states both decay into four muons [30] or two muons and two taus [41] . Finally, the scope of NMSSM neutral Higgs boson production in association with bb pairs was assessed in [22, 23, 33, [42] [43] [44] , including the case of H 2 → ZA 1 decays with Z → jj and A 1 → τ + τ − .
All the above mentioned analyses were, however, performed prior to the discovery of the Higgs boson at the LHC [2, 3] . In the aftermath of the discovery, detection prospects of all NMSSM Higgs bosons, including also via their decays into other Higgs states, were recently investigated in [45] , though limited to the case of inclusive rates. Further, in [46] , the A 1 → γγ decay channel was studied in the regime of a light A 1 . In [47] it was then noted that in the NMSSM the A 1 could in fact be degenerate in mass with the SM-like Higgs boson H SM . It could thus cause an enhancement in the Higgs boson signal rates near 125 GeV in the γγ, bb and τ + τ − channels simultaneously, provided that it is produced in association with a bb pair. The bbA 1 channel was also studied in detail in [48] , with a more optimistic conclusion as compared to [49] for this channel. In [50] the H SM → A 1 A 1 → 4 (with denoting e ± and µ ± ) process at the LHC was studied in detail, while the bbµµ final state was deemed the most promising in [51] . The production of A 1 via neutralino decays has also been recently revisited in [52] [53] [54] . Finally, NMSSM benchmark proposals capturing much of this phenomenology exist in the literature [35, 55] .
In this work we continue to pursue a recently started endeavour [49] , with an intention to systematically analyse all the production and decay processes that could potentially lead to the detection of a light NMSSM A 1 at the LHC with √ s = 14 TeV. In [49] (see also [56, 57] ), we considered the case of the light pseudoscalar A 1 produced from a heavy Higgs boson coming from GF which then decays into either A 1 pairs or ZA 1 (with the Z in turn decaying into electrons/muons). We found that the A 1 can be accessible through a variety of signatures proceeding via A 1 → τ + τ − and/or bb, the former assuming hadronic decays and the latter two b-tags within a fat jet or two separate slim ones. Some of these channels were also studied in the comprehensive review of exotic Higgs decays contained in [58] .
In the present paper, working under the assumption that a light A 1 state has been found through one or more of the decay channels analysed in [49] , we assess the scope of the LHC Run II in profiling its nature by resorting instead to the VBF and HS Higgs production modes. This would then enable access to the heavy Higgs couplings to both charged and neutral gauge bosons, thus complementing the GF channel which only allows one to measure their fermion couplings. It is worth emphasising that for the non-SM-like scalars, this might be the only chance to access these couplings as the decay to pairs of pseudoscalars can be completely dominating. Furthermore, although the VBF and HS channels have significantly smaller cross sections than GF, the improved possibilities for tagging through the additional (forward/backward) jets for VBF and the additional leptons from vector boson decays in HS, may still render them competitive against GF, for which many of the triggers needed for fully hadronic final states have been scarcely tested in the experimental environment.
Before plunging into the details of this new analysis, we should also point out here that in the NMSSM both H 1 and H 2 , the lightest and next-to-lightest CP-even Higgs bosons, respectively, can alternatively play the role of the SM-like Higgs boson H SM , as emphasised already in [59] [60] [61] [62] [63] and confirmed in [49, 56, 57] .
The article is organised as follows. In section 2, we define the parameter space of the NMSSM under consideration. In section 3 we explain our approach to scan the NMSSM parameter space while in section 4 we describe our signal-to-background analyses. Then in sections 5, 6 and 7 we discuss in detail our results for VBF and HS (the latter separately for the neutral (ZH) and charged (W H) channels). Finally, after presenting some benchmark points available for experimental investigation in section 8, we summarise and conclude in section 9.
The NMSSM parameter space
The idea behind the inclusion of an extra singlet superfield is to explain the peculiar feature of the MSSM that the supersymmetry preserving µ term is phenomenologically required to be of the same scale as the soft supersymmetry breaking mass parameters, while in principle it would be expected to be of a completely different origin.
In the NMSSM this so-called µ problem is solved by introducing an extra gauge-singlet chiral superfield S whose scalar component receives a vacuum expectation value (VEV) due to its soft supersymmetry breaking terms. All that is needed to generate an effective µ term of the same order as the soft supersymmetry-breaking parameters, is then to have a term λ S H u H d in the superpotential and the (effective) µ term µ eff ≡ λs will be given by the VEV of S times the coupling constant λ. We also need to add a cubic term in S to the superpotential, so that the terms involving S read
where λ and κ are dimensionless coupling constants. Further, one needs to add the corresponding soft supersymmetry breaking terms in the scalar potential. The soft supersymmetry breaking terms relevant for the Higgs sector are:
where m Hu , m H d , m S , A λ and A κ are dimensionful mass and trilinear parameters. By minimising the scalar potential we can trade the three scalar mass parameters for κ, µ eff and tan β (i.e., the ratio between the VEVs in the up type and down type Higgs doublets, v u /v d ).
Throughout this paper we use parameters defined at the Grand Unification Theory (GUT) scale. For the sfermion masses we use a common mass parameter m 0 and for all gaugino masses we use a common parameter m 1/2 . Similarly, we use a common parameter A 0 for all trilinear parameters except A λ and A κ . Since these parameters should not affect the Higgs sector very much, unifying them in the above manner allows for maximum freedom in the Higgs sector while keeping the number of free parameters at a manageable level. This leaves us with nine parameters (as mentioned, defined at the GUT scale):
As can be seen in the tree-level mass expression for H SM (i.e. the lightest doublet dominated scalar, either H 1 or H 2 ) in the NMSSM [1] ,
there is an additional contribution to the Higgs mass coming from the λ term, not present in the MSSM. This means that, when this term is sizable, i.e., when λ is large and tan β is small, one can obtain the measured 125 GeV mass without resorting to large radiative corrections from the stop sector, which is necessary in the MSSM. In the forthcoming sections we will refer to this part of parameter space as the 'naturalness limit'. Note that in this limit it is of importance also that κ tends to be big to suppress the negative term. Finally, notice that, when H 2 = H SM , it is also possible that some mixing between H 1 and H 2 increases m H 2 further, hence making it even easier to achieve (and indeed exceed) the required 125 GeV [64] .
The scans
In order to investigate the NMSSM parameter space we make use the results of the Bayesian scans from [49] . These scans used MultiNest-v2.18 [65] for nested sampling of the parameter space and NMSSMTools-v4.2. 1 [66] for the calculation of the Higgs mass spectrum, couplings, Branching Ratios (BRs) and constraints on the parameter points. The output from NMSSMTools was further processed by HiggsBounds-v4.1.3 [67] [68] [69] [70] to ensure against exclusion from searches for other Higgs bosons. Also SuperIso-v3.3 [71] was used to calculate b-physics variables. These were then required to comply with the constraints from [72] :
, where the last quantity implies a 10% theoretical error in the numerical evaluation,
To guard against over-closure of the Universe, an upper bound of Ω χ h 2 < 0.131 on the dark matter relic density was also applied. This was set assuming a 10% theoretical error on the central value of 0.119 from PLANCK [73] and the relic density was calculated with the help of MicrOMEGAs-v2.4.5 [74] .
The parameter ranges used in the scans are given in table 1. The reduced range focuses on the naturalness limit and, since the couplings relevant to, e.g., H i → A 1 A 1 decays depend on λ this is the most promising part of parameter space to look for these channels. Therefore Table 1 . Parameter ranges used in the scans. The reduced range focuses on the naturalness limit.
this is the only scan used for H 2 = H SM . For H 1 = H SM , however, it turns out that only an extended scan can give any relevant points for H 1 → A 1 A 1 , thus, the results shown will be a superposition of the two scans.
The scans also contain a bias towards low pseudoscalar masses (favouring m A 1 65 GeV, but allowing m A 1 up to 140 GeV) and SM-like signals rates for H SM . These constraints are implemented to ensure that the scans do not waste too much time exploring uninteresting parts of parameter space. Conversely, they should not exclude any points that might be of interest for further investigation.
The LHC signal rates for a scalar H i decaying into a final state X, are parametrised as,
where h SM is the Higgs boson of the SM (here assumed to have the same mass as the H i it is being compared to). These are used as good approximations for the inclusive signal rates,
In order to be consistent with experiments we use the measured signal rates from CMS [75] ,
and ATLAS 3 [79] , µ γγ = 1.57
3 Note that ATLAS has released improved limits for both µγγ [76] , µZZ [77] and µW W [78] , also providing separate limits for GF production. However, to be able to compare more directly to the results of [49] , we keep the previous constraints. Using the new constraints would mostly make the ATLAS sample look more similar to the CMS ones as the new limits are more SM-like (apart from some rather peculiar behaviour of µZZ from GF production). Finally, there is also the point that, with the old constraints, the old ATLAS sample can serve as an illustration of what rates higher than the SM values would imply for our detection prospects. to split our parameter points into three different samples: one consistent with CMS, one consistent with ATLAS and the remaining points (consistent with neither), which are kept for reference. For all samples we require m H SM to lie between 122 and 129 GeV. The best experimental values of the Higgs mass are 125.03 GeV from CMS [75] and 125.36 GeV from ATLAS [80] with uncertainties of the scale of a fraction of a GeV, however, to allow for potentially large theoretical uncertainties, we allow a significantly larger range. Note, though, that the benchmark points of section 8 are within the experimental limits.
In figure 1 we plot λ against m A 1 for both H 1 = H SM and H 2 = H SM . In figure 1 (a) we see that there are very few points with m A 1 below m H 1 /2. This is because of the bias towards SM-like signal rates imposed on
channel is open and, as long as λ is fairly large, tends to dominate the decays of H 1 , thus strongly reducing R ZZ and R γγ , and ultimately rendering the points incompatible with both CMS and ATLAS. This is further emphasised by the fact that some of the excluded (green) points do appear in the very low mass and high λ region, but none of the CMS (red) or ATLAS (blue) points do. In the extended scan, CMS data allow some points with low λ to have rather low m A 1 but this is not possible for the ATLAS data as µ γγ and µ ZZ are higher.
Looking at figure 1(b) we see that the situation for H 2 = H SM is somewhat different. Since the Higgs mass requirement is easier to meet here, the parameter space is less constrained and there is a substantial number of points compatible with both CMS and ATLAS, below m H 2 /2. Though λ does not reach its upper limit below m H 2 /2, it is clearly larger for these points than for the corresponding CMS points in the H 1 = H SM case.
Finally, in both figure 1(a) and (b), there is a depletion of points above 70-80 GeV: this is due to the bias towards low m A 1 included in the scans. As the relevant couplings for both VBF and HS are the W W H and ZZH couplings, we show in figures 2 to 4 the corresponding reduced couplings for H 1 (figure 2), H 2 (figure 3) and H 3 (figure 4) for both the H 1 = H SM (figure 2 to 4, plots labelled (a)) and the H 2 = H SM (figure 2 to 4, plots labelled (b)) case. For both H 1 and H 2 these can take values up to one but not so for H 3 .
To understand this let us look at the couplings of interest: they both have a factor [1]
where S 31 and S 32 are elements of the neutral scalar mixing matrix. We know that v u /v d = tan β by definition and, due to the structure of the mixing matrices, it turns out that S 31 /S 32 ≈ − tan β. Hence the factor (3.5) becomes small, from figure 4 we see that this reduced coupling tends to be ≈ 0.01 or smaller and, since it comes squared in the production cross sections for both VBF and HS, we get a suppression factor of at least 10 −4 , rendering these channels useless for H 3 . In contrast, for both H 1 and H 2 , the coupling strength can be sizable.
Event analyses
Since the vector boson couplings to H 3 are always very small we do not consider channels including H 3 production here, they do not have big enough cross sections to be of any interest. Furthermore, since the channels H 1,2 → A 1 Z were shown in [49] to be very difficult, we here focus only on the H 1,2 → A 1 A 1 channels. Given the lower cross sections for VBF and HS production as compared to GF, none of the other channels carry promise for detection.
To estimate the sensitivity in the channels of interest we use MadGraph5_aMC@NLO [81] , employing default parton distribution functions and factorisation and renormalisation scales, to generate the relevant backgrounds. Hadronisation and signal generation is then done using Pythia 8.180 [82] , while jet clustering and jet substructure studies are done using FastJetv3.0.6 [83] . The production cross sections for the signals are calculated using tabulated cross sections for the SM Higgs, taken from [84] , together with reduced couplings for the relevant scalar from NMSSMTools.
For all final state objects we use the following acceptance cuts:
• |η| < 2.5 for all final state objects,
GeV far all final state jets (τ -jets, b-jet and light jets),
• p T > 10 GeV far all final state leptons (e ± , µ ± ), where p T , η, φ are the transverse momentum, pseudorapidity and azimuthal angle, respectively. The tagging efficiency is taken to be 50% for both b and τ jets and we assume no knowledge about the charge of the jets. For the tt background for the W H channel, we assume a 1% mistagging probability for light jets. For the VBF backgrounds the two additional light jets are required to satisfy the following criteria:
• |η| < 5,
where M jj is the invariant mass of the two forward/backward jets. (Due to numerical difficulties in producing enough statistics, somewhat harder cuts, M jj > 500 GeV and p T > 40 GeV, are imposed on the parton level production in the 4b final state.) In addition, the jets are required to be located in the opposite hemispheres (i.e. one positive and one negative η) and there should be no other jet (apart from the signal objects) with p T > 30 GeV between (in terms of η) the two jets.
The cross sections for the dominant backgrounds after the above acceptance cuts are applied, are given in table 2.
In order to optimise the sensitivity to boosted A 1 s we employ the jet substructure method of [85] (see also [49] for further details). This gives us fat jets that we assume to originate from an A 1 decaying into a bb pair. To avoid contamination from single b-jets, we require all fat jets to have p T > 30 GeV and invariant mass > 12 GeV.
For each event with the proper final state we look for two A 1 candidates (either one fat jet, two b-jets or two τ -jets depending on which channel we are looking at) and compare their respective invariant mass: if they are within 15 GeV of each other we accept that event and if, in addition, the combined invariant mass of the two candidates is within 125 ± 30 GeV, it is accepted as an event where an H SM was produced and decayed into two A 1 s. In all the channels we perform two analyses in parallel: one with the jet substructure method, where only fat jets and no single b-jets are used, and one where no jet substructure is exploited but only single b-jets are used. For the four b-jet final state we check all combinations of b-jet pairs and accept the first one with both invariant masses within 15 GeV of each other.
To obtain the sensitivity for a given m A 1 we then count the events where the A 1 candidates masses are within 15 GeV of the mass m A 1 and can then calculate -for a given luminosity, L -how large signal cross section is needed to obtain a significance S/ √ B > 5 where S is the number of signal events and B is the background. In all channels we require at least 10 events in order to claim discovery, so if S/ √ B > 5 is fulfilled for S < 10, we instead use S > 10 as the limiting sensitivity. This means that, in channels with very low background, the sensitivity is ∝ L rather than ∝ √ L as is the case for S/ √ B. We will be studying the VBF and HS channels in turn, splitting the latter into the ZH and W H modes.
VBF
The backgrounds used in the analysis of the VBF mode are irreducible, i.e., 4b+2 jets and 2b2τ +2 jets. In addition, we include the tt+2 jets -with both W s from the top quarks decaying to τ s -in the 2b2τ channel. Since the latter turns out to be the dominant background in this channel, we also invoke a cut on Missing Transverse Momentum (MET) to reduce it.
This cut requires that the p T of the two τ -jets combined should be larger than the total MET of the event. This reduces the tt+2 jets background by a factor 2-3 while leaving both signal and irreducible backgrounds virtually intact. Note, however, that the MET here is simply the sum of the momentum of all invisible particles (i.e., neutrinos), a full detector simulation with mis-measured/missing jets, pile-up etc. would be necessary to fully determine the true effectiveness of this cut. This latter cut, though effective, is, however, not crucial for the usefulness of this analysis. Figure 5 shows the discovery reach in the interesting channels for 3000/fb of integrated luminosity and using the overall constraint that the total four-body invariant mass should be 125±30 GeV. It is clear that the 2b2τ channels are the most promising ones and hence we will not consider the 4b channels in the following. All sensitivity curves have been divided by a factor 0.9 for each bb pair in the final state and a factor 0.1 for each τ τ pair in the final state, to allow for a direct comparison of the sensitivity to σ(qq → qqH i ) × BR(H i → A 1 A 1 ). As expected, we see in figure 5 that the jet substructure analysis only works well for rather low m A 1 . Figure 5 . Sensitivity for the 4b and 2b2τ channels in VBF production.
H 1 SM-like
To illustrate the reach of the LHC in these channels in figure 6 we compare the sensitivity with the points from our scans when H 1 = H SM . In figure 6 (a), we show sensitivity curves using a 125 GeV Higgs (and employing the corresponding constraint), always using the best out of the 2 b-jets and fat jet analyses. As is clearly seen, the prospects for H 1 → A 1 A 1 will always be rather limited due to the small number of points in the interesting region of parameter space. As mentioned in section 3, this is due to the difficulty in obtaining acceptable signal rates for H 1 when the H 1 → A 1 A 1 channel is open, thus highly suppressing the number of points with m A 1 < m H 1 /2.
As regards the H 2 → A 1 A 1 channel, it is possible to have some more points just above the m A 1 < m H 1 /2 threshold. This can be seen in figure 6(b), where the prospects for H 2 → A 1 A 1 are illustrated. Figure 6 (b) uses sensitivity curves for m H 2 = 175 GeV in order to cover the whole interesting parameter space. Also, here do we always employ the analysis (with or without jet substructure) with the best sensitivity. We see that just above the H 1 → A 1 A 1 threshold there are some points within reach although they only constitute a small fraction of parameter space.
H 2 SM-like
With H 2 = H SM it is significantly easier to obtain a light pseudoscalar. This means that the prospects for detection in this case are significantly better. In figure 7 (a) we show the sensitivity for H 1 → A 1 A 1 , both with jet substructure using m H 1 = 100 GeV and without jet substructure using m H 1 = 125 GeV, but without constraining the four-body invariant mass. We use two separate curves since they use different m H 1 : the inclusion of both allows us to realistically estimate the sensitivity in the whole range of m A 1 . Though it will require 3000/fb to cover the whole parameter space, already 300/fb does show significant promise. However, at low mass, even 3000/fb might not be enough.
This can be understood by considering that, for lower m A 1 , also m H 1 tends to be smaller and our sensitivity decreases with a lighter initial scalar. For the 4b final state this can be compensated by an improved sensitivity due to the fat jet analysis, however, as can be seen in figure 5 , the low mass improvement with the fat jet analysis is not as great for 2b2τ as it is for 4b, leading to comparatively poor sensitivity to m A 1 ≈ 20 GeV in figure 7(a) . It is also worth noticing a set of points around σ(qq figure 7(a) . These are points with a rather light and singlet like H 1 (m H 1 ≈ 40 GeV) as well as a light (30 − 40 GeV) singlino. While most points with scalars, pseudoscalars and neutralinos below 60 GeV struggle to meet the signal rate requirements for the H SM due to competing decays to scalar, pseudoscalar and neutralino pairs; as those channels tend to decrease when the masses becomes very low, this set of points survive. Moreover, due to annihilations through Z, they also provide proper relic abundance. However, as the H 1 in these points is very singlet like, the reduced coupling to vector bosons is very small (around 0.2 − 0.3 as seen in figure 2(b) ) and hence beyond reach for the channels studied here.
In figure 7 (b) we show the sensitivity in the H 2 → A 1 A 1 channel using m H 2 = 125 GeV and requiring the four-body invariant mass to be 125 ± 30 GeV. For all points along the sensitivity curves we use the analysis that gives the best sensitivity (with or without jet substructure). Detection at 300/fb is almost excluded by the signal rate measurements, but 3000/fb does carry some promise.
Higgs-strahlung via ZH
With an additional Z boson, triggering and background suppression is much improved. To extract the signal we only use leptonically decaying Z bosons. This means, that in addition to acceptances, we require one di-lepton pair with invariant mass 90 ± 10 GeV. This is very powerful in suppressing the backgrounds, however, the small leptonic BR of the Z together with the small production cross sections in the ZH channel, means that one will struggle to get a large enough signal. As one would then expect, the best final state to look for is not 2b2τ as was used before, but rather 4b which gives the highest signal rate. This is clearly seen in figure 8 , where the sensitivity in the various channels are shown for 3000/fb of integrated luminosity. All channels use m H i = 125 GeV and the corresponding cut on the total final state invariant mass.
H 1 SM-like
Similarly to the VBF case, the SM-like H 1 scenario is difficult with respect to detection. In figure 9 (a) we show the sensitivity in the H 1 → A 1 A 1 channel, given m H 1 = 125 GeV (with a corresponding cut on the four-body invariant mass), as compared to the acceptable parameter points. We notice that the prospects are even dimmer than in the VBF case. As usual only the analysis with the best sensitivity is used in each point of the curves.
Moving on to H 2 → A 1 A 1 , we see in figure 9 (b) that there is essentially no hope for detection even at 3000/fb. The curves here correspond to m H 2 = 175 GeV, with no cut on the total final state invariant mass. 
H 2 SM-like
As with VBF production, the H 2 = H SM case offers somewhat better prospects. Though, as can be seen for figure 10 (a) -where the sensitivity curves use m H 1 = 100 GeV with jet substructure, and m H 1 = 125 GeV with single b-jets (no constraint on overall invariant mass), respectively -we will need up to 3000/fb to detect anything.
In figure 10 (b) we show the reach for H 2 → A 1 A 1 , the sensitivity curves correspond to m H 2 = 125 GeV and the corresponding constrain on the four-body invariant mass, always showing the most sensitive analysis. At 3000/fb there is some hope for discovery but most of the parameter space remains untouched. In particular, higher signal rates in the ATLAS sample almost exclude a detection in this channel even at 3000/fb.
Higgs-strahlung via W H
In general W H production will have higher cross sections than ZH production and, since the W also has roughly three times higher leptonic BR as compared to the Z, this channel will exhibit much higher rates. In order to tag the W we require exactly one isolated lepton in the event, in addition to the signal objects. Similarly to ZH production, we only look at the channel with the highest rate, i.e., W + 4b.
There has been a number of earlier studies of the W + 4b channel, including parton level studies [86] and [87] and a full detector study in [88] . While the parton level analysis of [87] arrived at significantly higher sensitivity than we did, our results are in reasonable agreement with [88] . (Note however that, although both of these studies use four b-tags as well as a cut on the four-body invariant mass, neither of them uses the requirement that both A 1 candidates should have similar mass.)
In addition to the irreducible W + 4b background, there are significant backgrounds from tt -with two light jets from one of the resulting W s being mistagged as b-jets -as well as from ttbb events. The latter is in our studies the most significant one, often at least one order of magnitude larger than the irreducible background. This conclusion is in agreement with [87] , while [88] finds that detector smearing pushes the tt background to lower invariant masses and hence becomes a significant background also at 125 GeV. To suppress the ttbb background we employ a veto against hadronically decaying W s. This means an event with two light jets with p T > 15 GeV and combined invariant mass = 80 ± 15 GeV is rejected as it is likely to come from a ttbb event with one W decaying leptonically and the other one hadronically. The events where both W s decay leptonically should be suppressed by the fact that we ask for exactly one lepton and hence reject events with two isolated leptons (this also suppresses any Z + 4b backgrounds).
Since the smallness of the signal rates in both W H and (even more) in ZH production is a bigger problem than background suppression, one could consider requiring only three b-tags. This was the approach of [86] and should yield significantly higher signal rates, especially as one b-jet is often missed due to p T cuts, etc. However, this requires a much more detailed study as there are many more contributing sources of background. It is also not clear how to implement the invariant mass constraints as one have to assume that sometimes the fourth b-jet is not selected even as a light jet. Such considerations are therefore beyond the scope of this paper.
H 1 SM-like
In this case higher rates as compared to ZH production does mean better discovery prospects even though the background is also larger due to ttbb.
In figure 11 (a) we show the discovery reach in the H 1 → A 1 A 1 channel in the H 1 = H SM case. The sensitivity curves are set for m H 1 = 125 GeV and the corresponding cut on the overall invariant mass. If we compare with figure 9(a), the reach here is much greater, even 300/fb might be enough for detecting some A 1 s around 20 GeV. Such a discovery is not possible even for VBF production, as can be seen in figure 6(a) , where 300/fb does not show any discovery prospects. The reason for the relative success of W H production for these low masses is that in the 4b final state the use of fat jets leads to a more significant improvement over a single b-jet analysis than is the case for the 2b2τ channel used for VBF production.
The H 2 → A 1 A 1 channel is much less optimistic, as can be seen in figure 11 (b), where we set m H 2 = 175 GeV with no cut on overall invariant mass for the sensitivity curves. The almost complete absence of discoverable points even at 3000/fb is due to the fact that the ttbb and tt backgrounds tend to grow at higher invariant masses, so that not having an overall cut on the four-body invariant mass is a serious disadvantage. One could still try some invariant mass cuts to suppress these backgrounds but we leave such considerations to section 8.
H 2 SM-like
In line with our earlier findings, the H 2 = H SM case is much more promising. As can be seen in figure 12 (a) -displaying sensitivity curves with m H 1 = 100 GeV (using fat jets) and 125 GeV (using b-jets) but with no overall cut on invariant mass -there is significant hope for detection in H 1 → A 1 A 1 already at 300/fb, while 3000/fb should cover the entire parameter space. Especially noteworthy is the improved sensitivity in the low mass region as compared to VBF production. This is again a consequence of the strength of the fat jet analysis for 4b as well as the main backgrounds ttbb and tt being smaller for lower invariant masses. It might even look like the inclusion of a cut on the four-b invariant mass might extend the reach to the points with σ(qq → W H 1 ) × BR(H 1 → A 1 A 1 ) ≈ 0.1 pb. However, recall that those points have m H 1 ≈ 40 GeV and hence the sensitivity is significantly lower than for the curves of figure 12(a) . These points are therefore truly beyond the reach of any analysis in this paper.
For H 2 → A 1 A 1 ( figure 12(b) ) it does not look as promising as for H 1 → A 1 A 1 , but at 3000/fb one can cover a large part of parameter space and even 300/fb might be enough for accessing A 1 with mass around 20 GeV. Here we use m H 2 = 125 GeV and constrain the four-body invariant mass of the final state to be 125 ± 30 GeV. The sensitivity curves use a combination of the fat jet and the single b-jet analyses, always showing the more sensitive one.
Benchmark points
As mentioned before, the detection sensitivities in all the channels studied in this paper are significantly worse than the corresponding results from GF production. 4 Furthermore, this is generally true for all parameter space regions that we have been able to access in the analyses carried out here. Therefore it is fair to assume that, by the time the channels under investigation become interesting for experimental study, the lightest scalar (H 1 and H 2 ) as well as pseudoscalar (A 1 ) Higgs states will already have been discovered via GF and the goal for both the VBF and HS channels will become to enable one further study their properties, as explained in the introduction.
For this purpose we define three benchmark points and study them under the assumption that we know the masses involved and can hence use this information to further constrain the kinematics in the attempt to increase the sensitivity. 5 The details of the three points are given in table 3. The points are chosen to cover as much as possible of the interesting parameter space. Point 1 has a rather light A 1 of 26 GeV and hence lies in the region where jet substructure methods are of importance, while point 2 is closer to the threshold for H 1,2 → A 1 A 1 with m A 1 = 55 GeV. The last point is the only one with H 1 = H SM and with m A 1 = 66 GeV, it is designed for H 2 → A 1 A 1 studies. Recall that, for H 1 = H SM , this is the only part of parameter space with a significant number of promising points. Table 3 . Some specifics of the three benchmark points.
In the study of these benchmark points we therefore use a somewhat modified kinematical analysis. Specifically, all A 1 candidates (i.e., b-jet pairs, fat jets or τ -jet pairs) are required to be within 15 GeV off the (assumed known) A 1 mass. For each point we run two simulations, one for H 1 → A 1 A 1 and one for H 2 → A 1 A 1 and in each case the combined invariant mass of the two A 1 candidates is required to be within 30 GeV of the (assumed known) H 1 or H 2 mass.
The result of these studies are displayed in table 4, where the cross sections after all cuts are presented for the signal as well as the backgrounds. We also show the integrated luminosity needed to obtain S/ √ B > 5 with at least 10 events. The result of the jet substructure (fat jet) analysis is only shown for point 1 as this is the only scenario with an A 1 light enough for such studies to be useful, though, in that case, this is usually the most effective approach. Also, we do not include H 1 → A 1 A 1 for point 3 as this channel is kinematically closed.
As stated before, the signals are in general larger than the backgrounds and, in many cases, the main constraint on the required luminosity is the requirement of at least 10 events. We also see in table 4 that W H is usually the most promising channel as it has the highest rates. It also has the highest backgrounds though, due to ttbb and tt and, since these tend to increase with increasing H i mass, we note that for H 2 → A 1 A 1 in point 2 and 3 the VBF channel is somewhat better.
Comparing the detection prospects claimed for point 3 in 
Signal Table 4 . Discovery prospects for the three benchmark points. L denotes the integrated luminosity required for a detection in the given channel. Figure 13 . Signal and backgrounds for two of our benchmark points in the W H channel. The backgrounds have been smoothened for visual clarity and the tt and + 4b backgrounds have been multiplied by a factor 10 to be visible. tion, with the reach shown in the corresponding plots (figures 9(b) and 11(b)), it is clear that the additional constraints on the kinematics due to the assumption about the mass spectrum are very important in improving sensitivity. This is especially true for W H as the ttbb and tt backgrounds increase significantly with increasing overall invariant mass, hence rendering a (relatively low) cut on over all invariant mass very effective.
To illustrate more clearly the signal and backgrounds in the W H channels we plot these as functions of the invariant mass of the b-jet pairs 6 , m bb , in figure 13 for H 1 → A 1 A 1 in point 1 ( figure 13(a) ) and for H 2 → A 1 A 1 in point 2 ( figure 13(b) ). Note that, due to the cuts in the analysis, the distributions are restricted to m bb ± 15 GeV and that both plots use single b-jet analysis only. In figure 13 (a) it is clear that a somewhat narrower cut would significantly reduce the background from ttbb without affecting the signal significantly. However, it is important to note that there are significant statistical uncertainties in the backgrounds (partially hidden by the smoothening) and this, together with the fact that the signal already dominates and that we do not include detector resolution, means that it is not clear how beneficial this cut really is. From figure 13 (b) we see that for heavier masses the invariant mass peak is smeared out towards smaller masses. That means that extending the allowed mass window downwards can increase the signal at the cost of larger backgrounds. A more detailed study including detector simulations would be necessary to properly optimise the invariant mass cuts but, as this is beyond the scope of this investigation, we leave that for future work.
Conclusions
In contrast to the more thoroughly studied MSSM, the NMSSM allows for the existence of very light Higgs scalars as well as pseudoscalars. Therefore, the discovery of, in particular, a light pseudoscalar Higgs state would not just prove the existence of physics beyond the SM but would also be inconsistent with minimal supersymmetry.
As arguably the NMSSM accommodates the 125 GeV Higgs more naturally than the MSSM, it is well worth a study. Although the most promising discovery channels of the aforementioned light pseudoscalar state are most likely based on GF production of heavier scalars that subsequently decay to A 1 A 1 or A 1 Z, we demonstrated here that also VBF and HS production of the heavier scalars can be accessible. Hence, these two additional production modes can well be exploited to study couplings not accessible in GF, such as those of the heavy scalars to SM gauge bosons. Especially encouraging is the fact that the most promising channels tend to be the ones starting with the non-SM-like scalar (i.e. H 2 for H 1 = H SM and H 1 for H 2 = H SM ); as these can have BR(H i → A 1 A 1 ) close to 1, the channels of this paper might be our only chance of measuring the couplings of these scalars to gauge bosons.
In these channels, the signal rates are substantially lower than in the case of GF, but the same is true for the backgrounds. Due to the nature of the couplings involved, the only decay chains of interest here are H 1,2 → A 1 A 1 . For VBF production of H 1,2 the most promising of our final states is 2b2τ (in addition to the two forward/backward jets), which may allow detection, certainly at 3000/fb but possibly also at 300/fb (albeit limited to the the H 2 = H SM case).
For HS production, the background is even smaller, especially for the ZH mode. However, this channel also has a very small cross section and hence the signal will be very hard to extract.
As the event rates are indeed significantly smaller compared to VBF and GF, here it is most beneficial to employ the final state with the highest rate, i.e., 4b.
Although still featuring a relatively low signal rate, W H production shows significantly better prospects than ZH. Despite significant backgrounds from ttbb and tt, the higher signal rates make this the most promising channel studied in this paper, at least for relatively light initial scalars. However, given the invariant mass structure of the main backgrounds, the signal tends to be overwhelmed unless one can cut on the four-b invariant mass and the enforced mass window needs to be relatively low. Therefore, the prospects for this channel diminish as the mass of the initially produced scalar increases, rendering VBF the most promising channel for heavier scalars.
In addition to general scans for sensitivity reach in parameter space, we have performed more detailed studies of three representative benchmark points. Here, we assumed knowledge of the masses of the produced scalar as well as the pseudoscalar (e.g., as measured in GF production) and used this information to constrain the kinematics. Especially for HS, this can dramatically improve the sensitivity, which, unless the produced scalar is too heavy, leads to detection via W H production already at less than 200/fb. 
